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Scattering from dilute macromolecular Scattering from dilute macromolecular 
solutions (solutions (monodispersemonodisperse systems)systems)
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The scattering is proportional to that 
of a single particle averaged over all 
orientations, which allows one to 
determine size, shape and internal 
structure of the particle at low (1-10 
nm) resolution.



XX--rays                    Neutronsrays                    Neutrons

XX--rays:rays: scattering factor increases with atomic scattering factor increases with atomic 
number, no difference between H and Dnumber, no difference between H and D

Neutrons:Neutrons: scattering factor is irregular, may scattering factor is irregular, may 
be negative, huge difference between H and Dbe negative, huge difference between H and D

Element H D C N O P S Au 
At. Weight 1 2 12 14 16 30 32 197 
N electrons 1 1 6 7 8 15 16 79 
bX,10-12 cm 0.282 0.282 1.69 1.97 2.16 3.23 4.51 22.3 
bN,10-12 cm -0.374 0.667 0.665 0.940 0.580 0.510 0.280 0.760 

 
 



Isolution(s) Isolvent (s)                 Iparticle(s)

♦ To obtain scattering from the particles, solvent 
scattering must be subtracted

♦ Contrast ∆ρ = <ρ(r) - ρs>, where ρs is the scattering 
density of the solvent (is usually very small for 
biological samples)

Solvent scattering and contrastSolvent scattering and contrast



Contrast variationContrast variation

Changing solvent Changing solvent 
density separates density separates 
information about shape information about shape 
and internal structureand internal structure

Selective Selective labellinglabelling
permits to visualize permits to visualize 
specific structural specific structural 
fragmentsfragments

Stuhrmann, H.B. & Kirste, R.G. (1965) Z. Phys. Chem. 46, 247



XX--rays         rays         NeutronsNeutrons

H2O, 344 e/nm3

RNA, 550 e/nm3

60% sucrose, 430 e/nm3

Addition of sucrose or salts

Protein, 410 e/nm3

H2O, -0.59×1010 cm-2

H-Protein, 40% D2O

H-RNA, 70% D2O

D2O, 6.38×1010 cm-2

D-RNA, 120% D2O

D-Protein, 130% D2O

Isotopic H/D substitution



Major applications of solution scatteringMajor applications of solution scattering

AbAb initioinitio low resolution low resolution 
structure analysis structure analysis 

Addition of missing fragments Addition of missing fragments 
to high resolution modelsto high resolution models

Rigid body refinement of Rigid body refinement of 
complexescomplexes

Quantitative characterization of Quantitative characterization of 
mixtures mixtures 

Contrast variation on Contrast variation on 
multicomponent particlesmulticomponent particles



Major problem of scattering data analysisMajor problem of scattering data analysis

Additional information is Additional information is 
ALWAYS required to ALWAYS required to 
resolve or reduce resolve or reduce 

ambiguity of ambiguity of 
interpretationinterpretation

3D search model
M parameters

Non-linear 
search

1D scattering 
data

Trial-and-error



AbAb initioinitio methodsmethods

Dummy residues modelDummy residues model

Svergun, D.I., Petoukhov, 
M.V. & Koch, M.H.J. (2001) 
Biophys. J. 80, 2946-2953.

Bead models

Chacón, P. et al. (1998) 
Biophys. J. 74, 2760

Svergun, D.I. (1999) 
Biophys. J. 76, 2879

Envelope function

Stuhrmann, H. B. (1970) Z. 
Physik. Chem. N.F. 72, 
177
Svergun, D.I. et al. (1996) 
Acta Crystallogr. A52, 419

All the methods minimize Discrepancy[Data] + Penalty[Additional info]



Bead (dummy atoms) modelsBead (dummy atoms) models
♦ The particle is represented as an 

ensemble of ≈≈10103 3 --101044 small densely 
packed volume elements (beads) in 
the search volume (e.g. a sphere 
with diameter DDmaxmax

))

♦♦ The structure is described by phase The structure is described by phase 
assignments of each of these assignments of each of these 
positions (e.g. for shape positions (e.g. for shape 
determination 1 = particle, 0 = determination 1 = particle, 0 = 
solvent)solvent)

♦♦ A MonteA Monte--Carlo type search is Carlo type search is 
employed to build a model fitting the employed to build a model fitting the 
scattering datascattering data

ChacChacóónn, P. , P. et al.et al. (1998) (1998) BiophysBiophys. J.. J.
74, 74, 27602760--2775.2775.

Svergun, D.I. (1999) Svergun, D.I. (1999) BiophysBiophys. J.. J. 7676, , 
28792879--28862886

Search volume



AbAb initioinitio program DAMMINprogram DAMMIN
Using simulated annealing, finds a compact dummy Using simulated annealing, finds a compact dummy 
atoms configuration X that fits the scattering data by atoms configuration X that fits the scattering data by 
minimizingminimizing

where where χχ is the discrepancy between the experimental is the discrepancy between the experimental 
and calculated curves, and calculated curves, P(X)P(X) is the penalty to ensure is the penalty to ensure 
compactness and connectivity, compactness and connectivity, αα>0>0 its weight.its weight.

)()],(),([)( exp
2 XPXsIsIXf αχ +=

compactcompact

looseloose

disconnecteddisconnected



Benchmarking Benchmarking abab initioinitio methodsmethods
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Experimental data
Envelope model
Bead model 
Dummy residue model

Comparison with the crystal          Comparison with the crystal          SASHASASHA DAMMIN DAMMIN GASBOR GASBOR 
structurestructure of of lysozymelysozyme 19961996 1999  1999  20012001

Envelope  Envelope  Bead modelBead model Dummy residues Dummy residues  



Study of nuclear Study of nuclear exportinsexportins and and importinsimportins

Targets for small-angle scattering study  

Examples of cargo recognition

Snail-like importin β Z-like transportin

Importin/exportin-mediated nuclear transport

Two available crystal structures of bound 
importins built by stacks of HEAT repeats



ImportinsImportins abab initioinitio
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Transportin-
RanGTP: Z-like

Free transportin: 
Z-like

Free importin β: : 
ZZ--likelike

Bound  importin β: : 
snailsnail--likelike

Fukuhara, N., Fernandez, E., Ebert, J., Conti, E. & Svergun, D. I. (2004) J. Biol. Chem. 279, 2176 



ExportinsExportins abab initioinitio
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S.pombe Xpot Xpot+Ran+tRNA Yeast Los1

Yeast Cse1 Cse1+Ran+α S.pombe Crm1 Human Crm1
Fukuhara, N., Fernandez, E., Ebert, J., Conti, E. & Svergun, D. I. (2004) J. Biol. Chem. 279, 2176 



Rigid body Rigid body modellingmodelling
Scattering amplitudes of the subunits are pre-computed and positional 
parameters are refined to fit the scattering from the complex

CRYSOLCRYSOL
CRYSONCRYSON

Kozin & Svergun (2000). J. 
Appl. Cryst. 33, 775-777

Konarev, Petoukhov & 
Svergun (2001). J. Appl. Cryst.
34, 527-532 

♦ MASSHA (Windows PC)

♦ ASSA (SUN/SGI/DEC)



Quaternary structure of glutamate Quaternary structure of glutamate synthasesynthase

M.V. Petoukhov, D.I. Svergun, P.V. Konarev, S. Ravasio, R.H.H. van den 
Heuvel, B. Curti & M.A. Vanoni (2003). J. Biol. Chem., 278, 29933
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GltS

α-tetramer αβ-tetramer

β-dimer

Catalytically active αβ
holoenzyme of the iron-sulfur 
flavoprotein GltS, contains 

α subunit (162 kDa) 

β subunit (52 kDa)



Scattering from a multiphase particleScattering from a multiphase particle
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AbAb initioinitio multiphase multiphase modellingmodelling

Start: random phase assignments 
within the search volume, no fit to 

the experimental  data

Finish: condensed multiphase model 
with minimum interfacial area 

fitting multiple data sets

Program MONSA, Svergun, D.I. (1999) Biophys. J. 76, 2879



Contrast variation on hybrid ribosomesContrast variation on hybrid ribosomes

0% D2O                       40% D2O                       70% D2O

Protonated 70S ribosome, HH30+HH50

Hybrid 70S with 23S RNA deuterated, HH30+HD50



Scattering data from hybrid ribosomesScattering data from hybrid ribosomes

Contrast variation by solvent exchange Contrast variation by solvent exchange 

HH30+HH50HH30+HH50 DD30+HH50 DH30+HH50DD30+HH50 DH30+HH50
in 0, 35, 50, 75, 100% Din 0, 35, 50, 75, 100% D22OO 15 curves15 curves

HH30+DD50HH30+DD50 in 0, 35, 50, 75% Din 0, 35, 50, 75% D22OO 4 curves4 curves
DH30+DD50DH30+DD50 and HH30+DH50 and HH30+DH50 

in 0, 40, 60, 100% Din 0, 40, 60, 100% D22OO 8 curves8 curves
HH30 and  HH50 in HH30 and  HH50 in 0, 100% D0, 100% D22OO 4 curves4 curves
DD30 and DD50  in DD30 and DD50  in 0% D0% D22OO 2 curves2 curves

SpinSpin--dependent contrast variation data dependent contrast variation data 

HH30+DD50, DD30+HH50, DH30+DH50HH30+DD50, DD30+HH50, DH30+DH50
Polarization = 0 and 1Polarization = 0 and 1 6 curves6 curves
XX--ray scattering curvesray scattering curves from 70S, 30S and  50Sfrom 70S, 30S and  50S 3 curves3 curves

TOTALTOTAL 42 curves42 curves



Search volume for the 70S ribosomeSearch volume for the 70S ribosome

Number of atoms M=7860
Packing radius r0=0.5 nm
Number of atoms M=7860
Packing radius r0=0.5 nm

Yellow pixels: cryoYellow pixels: cryo--
EM model of Frank EM model of Frank et et 
alal. (1995) . (1995) 

Red and blue circles: Red and blue circles: 
dummy atoms dummy atoms 
belonging to the 30S belonging to the 30S 
and 50S subunits, and 50S subunits, 
respectively respectively 



Ribosomal data fittedRibosomal data fitted

X-raysXX--raysrays
NeutronsNeutronsNeutrons

Svergun, D.I. & Nierhaus, K.H. (2000) 
J.Biol. Chem. 275, 14432-14439



A proteinA protein--RNA map in the 70S ribosome RNA map in the 70S ribosome E.coliE.coli



Solution     Solution     crystalcrystal

XX--ray and neutron scattering map of ray and neutron scattering map of 
proteinprotein--RNA distribution in the 70S RNA distribution in the 70S 
ribosome ribosome E. coli E. coli (left, resolution 3 (left, resolution 3 
nm) compared with later nm) compared with later 
crystallographic models (right). crystallographic models (right). 

Top, 30S subunit from Top, 30S subunit from Th. Th. 
thermophilusthermophilus, resolution 0.33 nm , resolution 0.33 nm 
((SchluenzenSchluenzen, F, et al, & , F, et al, & YonathYonath, A. , A. 
(2000) (2000) CellCell, , 10,10, 615)615). . 

Bottom, 50S subunit from Bottom, 50S subunit from H. H. 
marismortuimarismortui, resolution 0.24 nm , resolution 0.24 nm 
(Ban, N., (Ban, N., NissenNissen, P., Hansen, J., , P., Hansen, J., 
Moore, P.B. & Moore, P.B. & SteitzSteitz, T.A. (2000) , T.A. (2000) 
ScienceScience, , 289289, 905), 905). . 

5 nm
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